INTRODUCTION
For all planktonic systems bacterial production averages about 20 O/O of the primary production (Cole et al. 1988) . Assuming that aquatic bacteria on average have a 50 % carbon-based growth efficiency, they would consume ca 40 % of the carbon fixed by phytoplankton. This requires a proportionately large flux of dissolved organic matter (DOM) from the primary producers to the heterotrophs either directly via phytoplankton exudation (e.g. Mague et al. 1980) or indirectly through zooplankton grazing (e.g. Jumars et al. 1989 ). Yet we know very little about the chemical nature or the dynamics of the pools mediating these transfers in the open ocean.
Information from other systems indicates that dissolved free amino acids (DFAAs) represent a small but very labile fraction of the total DOM in seawater, and can supply a significant portion of the total bacterial requirements for C and N (Billen & Fontigny 1987, O Inter-Research/Printed in Germany Fuhrman 1987) . In some instances stimulation of bacterial growth by the addtion of DFAAs cannot be explained simply as a requirement for nitrogen and carbon (firchman 1990) . Dispite the apparent importance of DFAAs in supporting bacterial production there have been few systematic attempts to define the rate processes associated with DFAA cycling in oligotrophic oceanic environments. The purpose of this study was to obtain estimates of concentrations and turnover times for a variety of amino acids in the Sargasso Sea, with the objective of determining if DFAAs might be important C and N sources for bacterial growth in oligotrophic oceanic waters.
MATERIALS AND METHODS
Uptake experiments. Samples for amino acid uptake experiments were collected during August and November 1987 and July 1988, generally in the Sargasso Sea southeast of Bermuda. Experiments were done aboard ship and analyzed the same day or the next day at the Bermuda Biological Station. The location of the sampling stations varied depending on the weather, the vessel used, and the number of casts that needed to be done and are given in Table 1 . They were generally located in > 300 m and often in > 1000 m of water along a transect between the northeast tip of Bermuda and Hydrostation S (32" 10' N, 64" 30' W) . Water for experiments was collected from between 5 and 20 m (generally 10 m) using a n acidrinsed Go-Flo bottle (General Oceanics, Miami) which was suspended from a stainless-steel hydrowire, except for the August 1987 samples where a synthetic (Kevlar) wire was used.
Water (40 ml) was drawn directly from the nipple of the Go-Flo bottle into clean, all-polypropylene 50 m1 syringes (Sigma) that had been rinsed 3 times each with 10 % HC1, deionized water (Milli-Q system) and sample water from the Go-Flo. The night prior to use, aliquots of 3H-labelled DFAAs were placed into clean microfuge tubes and lyophilized to remove any 3~- water. Immediately before use each DFAA was redissolved in gently 0.2 pm-filtered seawater, prepared as described below for the HPLC samples. Approximately geometrically increasing quantities (< 100 yl maximum volume) of high specific activity (TBq mmol-') tritiated amino acids were immediately introduced through the nipples of 5 to 10 filled, nonreplicated syringes using a n adjustable micropipettor, to achieve concentration ranges of 0.1 to a few nM. During the August 1987 sampling dates 5 duplicated concentrations were typically used. Formalin-killed controls were run in parallel on several occasions to confirm that the uptake of amino acids and the production of 3~-w a t e r were the result of biological activity. The total radioactivity in replicate 1 m1 subsamples was determined so that the concentrations added could be corrected for any errors caused by inaccurate pipetting of small volumes. The specific activities of the amino acids (purchased from NEN) were assumed to be as stated by the manufacturers. Fuhrman & Ferguson (1986) found higher concentrations of DFAAs than expected from specific activity data supplied by the manufacturer, which would cause uptake rates to be underestimated if not corrected for Four of the amino acid stocks (leucine, glutamine, alanine and glycine) that w e used during the 1988 experiments were checked for contamination and found to be similar or less than the stated concentrations. After addition of the isotope a small air bubble was temporarily introduced into each syringe to facilitate mixing. Incubations were started within about 20 min of collecting the water and were kept under low levels of indirect sunlight at ambient temperature. Incubations were kept as short as practicable (30 to 40 min) to minimize container effects. The syringes were found to be convenient, non-contaminating incubation vessels that yielded good replication between syringes, and which were easily and accurately sampled.
Immediately following addition of the isotope and at the termination of experiments (30 to 40 min) 10 m1 aliquots of sample were displaced from each syringe and filtered at a vacuum not exceeding 120 mmHg through 0.2 pm polycarbonate filters (Nuclepore), which were overlaid on Whatman GF/C glass-fiber filters. The polycarbonate filters were peeled off of the glass-fiber filters while maintaining the vacuum, alleviating the need for rinsing and resulting in consistent and low polycarbonate-filter blanks. Filtrates were trapped in scintillation vials and immediately frozen for later determination of respiration rates. The production of tritiated water over the course of the incubation was determined by vacuum distdlation of frozen filtrates and counting the radioactivity in a known volume of the condensate. Formalin-killed controls were treated in a similar manner and were found not to accumulate tritium either as particulate matter or as water. Uptake rates were calculated by multiplying the concentration of the amino acid added by the proportion of the total radioactivity added that was taken up into particulate matter and (unless otherwise indicated) respired, over the incubation. This assumes an ambient concentration of zero and yields the most conservative estimate of uptake rate. This will result in a n underestimate of the uptake rate that will be most pronounced at the lowest substrate additions. An exception to this was for calculations of the percent daily C and N requirements of bacteria that could be supplied by individual amino acids. For these data incorporation rates were calculated from uptake-rate constants, not corrected for respiration, and from the minimum determined pool sizes of the individual DFAAs.
The amino acids chosen for these experiments fit one or more of the following criteria: (1) they are representative of those which are typically most abundant in seawater (glutamate, glycine, alanine, serine); (2) they are important in the nitrogen-assimilation pathway of bacteria and phytoplankton (glutamate, glutamine); (3) they are important in the synthesis of specific cellular constituents such as proteins and polyamines (leucine, ornithine). In addition, uptake of glucose ( D -[~-~H ] ) was determined on several occasions. The amino acids were labelled as follows:
Bacterial growth rates were estimated from incorporation of tntiated thymidine into material insoluble in cold trichloroacetic acid (Fuhrman & Azam 1982 ) using a conversion factor of 4 X 1018 cells mol-' of thymidine incorporated (Ducklow & Hill 1985) . These were convertedinto carbon and nitrogen demands assuming 20 fg C and 5.6 fg N per bacterium (Lee & Fuhrman 1987) .
Calculation of kinetic parameters. Maximum estimates of ambient amino acid concentrations were calculated using a kinetics approach (Parsons & Strickland 1962 , Wright & Hobbie 1966 . If the relationship between uptake rate and concentration is described by a rectangular hyperbola then it is possible to obtain a maxinlunl estimate of the ambient nutrient concentration using a modification of the Michaelis-Menten formulation for enzyme kinetics. The form of the relationship is V = V,,,(S + A) (K, + S + A)-' where Vis the uptake rate, V, , , is the nutrient-saturated uptake rate, S is the ambient nutrient concentration, A is the concentration of nutrient added, and K, is the concentration at which V = 0.5 (V,,).
As A is known, and V and V, , , can be estimated from rates of isotope incor- 1982 , Li 1983 ) and distribution-free direct linear plotting techniques (Eisenthal & Cornish-Bowden 1974) provide the most accurate estimates of parameters from experiments displaying saturation kinetics. In the direct-linear plot method each nutrient concentration added and its associated Vdefines a line in the K, + S versus V, , , plane (Fig. 1) . The number of points where these lines intersect is 0.5n(n -1) where n is the number of substrate concentrations added. Each intersection gives an independent estimate of V, , , and K,; the median value of each parameter gives the best estimate. The fit of the uptake data to the MichaelisMenten relationship was tested using unweighted nonlinear least-squares regression as recommended by Li (1983) . Where the data were adequately described (r2 2 0.85), kinetic parameters were estimated both by least-squares regression using the Quasi-Newtonian estimation procedure in SYSTAT (SYSTAT, Inc.), and by direct linear plots using a computer program written in BASIC (Brady & Ishizalu 1989) . Confidence intervals for parameter estimates calculated by least-squares regression were provided by SYSTAT. Methods for establishing confidence intervals and handling replicate observations using direct-linear plotting are l 0.000 Turnover hmes of DFAA pools were estimated from the uptake rates at the 2 lowest substrate concentrations added, except for the August 1987 data where the duplicates from the lowest substrate addition were used. Turnover times were corrected for respiration. Samples for determination of DFAA concentrations by HPLC were frozen immediately after collection and transferred back to the laboratory on frozen CO2. The samples were kept frozen and analyzed 1 mo later using pre-column o-phthaldialdehyde (OPA) derivatization as outlined by Fuhrman & Bell (1985) . Unfiltered samples were collected directly from the nipple of the Go-Flo bottle into ashed, acid-washed glass scintillation vials that were rinsed 5 times with sample, and with caps lined with acid-washed and sample-rinsed Teflon cap liners. For filtered samples an acid-washed Sterifil system (Millipore Corp.) containing a 47 mm diameter, 0.2 pm polycarbonate filter was rinsed with copious amounts of sample water and filled with 200 m1 of Sargasso Sea water. Under extremely gentle vacuum (just enough so some water flow was observed) three 30 m1 samples were filtered into the bottom of a Sterifil unit and used to rinse the container before a fourth sample was collected and an aliquot placed into a clean scintillation vial.
RESULTS
The observed kinetics were generally adequately described by the Michaelis-Menten formula (Fig. 1,  Table 1 ) and the uptake of trace additions of labelled Fig. 3) . In 5 instances the kinetics data were not well described by the MichaeIis-Menten formulation (r2 < 0.85) and are not included in Table 1 . Where amino acid concentrations were also determined by HPLC (July 1988) , the values were in the same range as those determined by the kinetics method (Tables 1 & 2) . The most abundant amino acids in terms of concentration and their relative contribution Table 2 . DFAA concentrations (nM) determined by HPLC for amino acids w h~c h were also used in uptake experiments. Percentage of total DFAA concentration (molarity) made up of individual amino acids is indicated in parentheses. It should be noted that the ornithine and lysine peaks were not eluted from the column and were therefore not included in the total DFAA measurement. Samples from the same date were taken from the same Go-Flo bottle. Position on 6 July 1988 was 32"101 N, 64'34' W; other positions are as in to the total DFAA pool (O/O total molarity) were glycine, serine and alanine, which occurred at low nM levels. The lowest concentrations measured by HPLC for each of the 6 sampling dates were assumed to be the least contaminated and most closely reflect ambient concentrations, but the variation between some replicates suggests an unknown potential source of contamination so even the lowest values could be overestimates. The lowest concentrations measured for each sampling date for glycine, serine and alanine ranged from 1.1 to 4.8 nM, 0.5 to 4.5 nM and 0.5 to 2.2 nM, respectively.
The K, + S estimates for these amino acids tended to b e lower and were 0.2 nM, 0.3 nM and 0.7 nM, respectively, during July 1988. Glutamate, glutamine-histidine and leucine comprised only a few percent of the total DFAA pool and HPLC-determined concentrations were consistently sub-nM and occasionally undetectable. The K, + S estimates for these amino acids were also sub-nM. The lowest daily estimates of the total DFAA pool sizes for July 1988 ranged from 3.4 to 19.2 nM. The samples were not run long enough to elute ornithine or lysine peaks from the column so the contribution of these to the total DFAAs is unknown.
In uptake experiments using glutamate, glutamine, alanine, glycine and serine, typically 60 to 80 % of the 3~ label was respired as water (Table 3) . A somewhat less and more variable amount of the glucose label was respired, while little label was respired during leucineand ornithine-uptake experiments. Over the restricted range of concentrations that we used (0 to 5 nM) we were unable to detect any effect of concentration on the proportion of label respired (Fig. 4) .
Respiration-corrected turnover times (Table 3) for the individual amino acids were typically on the order of tens of hours, but were on occasion only a few hours. Exceptions were the ornithine turnover times in 1988 which were > 100 h. Both in 1987 and 1988 there were significant differences in turnover times between amino acids (ANOVA, p < 0.01). In both years alanine had the shortest average turnover time while ornithine and glutarnine had the longest. In 1987 the turnover times fell into 3 groups (ALA, GLY, GLU) (GLY, GLU, ORN) (ORN, GLN) while in 1988 there were only 2 groups (ALA, LEU, SER, GLU, GLN) (ORN). The mean turnover times of the DFAAs within each of the above Table 4 . Estimates of the proportion of C and N supplied by individual DFAAs relative to the demand required (ng 1-' d-l) to sustain growth rates (d-l) calculated from rates of 3~ thymidine incorporation. C and N uptake rates (ng 1-' d-l) at ambient DFAA concentrations were determined from the uptake-rate constants (not corrected for respiration) for trace additions of amino acids and from the minimum DFAA pool sizes (as determined either chemically or kinetically Growth rates of bacteria (Table 4 ) ranged between 0.07 and 0.27 d-' although the absolute accuracy of these values is unknown, because of the uncertainty associated with the thymidine conversion factor (Ducklow & Hill 1985) . These growth rates translate into C and N demands of 78 to 574 ng C 1-' d-' and 22 to 160 ng N 1-' d-', respectively. The fraction of bacterial C and N requirements that was supplied by amino acids can be calculated from estimates of DFAA pool sizes and turnover times, and bacterial biomass and growth rates. Except for high values for leucine during November 1987, probably the result of an overestimate in concentration, estimates of the percentage of bacteria C and N requirements supplied by an individual amino acid ranged from 2 to 27 % and 1 to 23 O/O, respectively. As the tritium was covalently bonded to C it should have been a better tracer of C metabolism than N metabolism. For this reason and as the error associated with several of the calculations is unknown, but potentially large, these results should be considered approximate.
DISCUSSION

Determination of kinetic parameters
The direct-linear plotting method gave significantly lower estimates of both K, + S (Fig. 3) and V, , , . Directlinear plots have rarely been used to estimate kinetic parameters in field experiments. However, estimates of K, from phosphate uptake experiments on natural communities of phytoplankton were higher and more variable when determined using a linearization of the Michaelis-Menten equation than when using directlinear plots (Suttle & Harrison 1988) .
The best method for the determination of kinetic parameters from nutrient uptake experiments is the subject of an extensive Literature (e.g. Dowd & h g g s 1965, Currie 1982 , Li 1983 which cannot be reviewed here. However, it is generally recognized that linear transformations of the Michaelis-Menten equation provide the least satisfactory estimates of V, , , and K,, while least-squares non-linear regression analysis (Currie 1982 , Li 1983 ) and distribution-free direct-linear plotting techniques (Eisenthal & Cornish-Bowden 1974) provide the best estimates. However, regression assumes that values of Y are normally distributed about X, and parameter estimates are particularly sensitive to outlying values of Y at extreme values of X. In contrast, the direct-linear plotting method makes no underlying assumptions regarding distribution, and because the parameter estimates are based on median rather than mean values they are very insensitive to outliers. Intuitively, distribution-free estimates of V, , , and K, should be most appropriate for data collected on field samples where the variance in estimates of V are frequently unknown and may change as a result of the substrate concentrations added. Indeed, where the distribution and magnitude of the error in Vis unknown the directlinear plot is most accurate (Atkins & Nimmo 1975) .
Amino acid concentration
As there are a number of significant problems in attempting to model uptake lunetics of a complex microbial assemblage using a Michaelis-Menten model (e.g. Williams 1973 , Tarapchak & Herche 1986 ) one must be cautious in interpreting K, + S estimates of amino acid concentration. Additionally, errors may occur because certain amino acids can compete for the same uptake site. For example, several pairs of DFAAs are mutually inhibitory to uptake in estuarine microorganisms, including threonine and serine, glycine and alanine, lysine and arginine, leucine and alanine, aspartate and glutamate, and aspartate and asparagine (Crawford et al. 1974 ). Consequently, a measured K, + S could reflect the concentration of the added amino acid as well as other amino acids, although this is apparently only a problem when competing amino acids are present at high concentrations (Crawford et al. 1974) . Furthermore, even extremely gentle filtration can disrupt flagellates and other delicate cells resulting in overestimates of lunetically or chemically determined DFAA concentrations (Fuhrman & Bell 1985) . As a number of artifacts can lead to overestimation of DFAA concentrations the values we report must be regarded as maximum-concentration estimates. Nevertheless, in carefully designed experiments estimates of amino acid concentrations from values of K, + S agree with chemical measurements (Jsrgensen & Sondergaard 1984 , Cole & Lee 1986 , Fuhrman & Ferguson 1986 ).
Our estimates for individual DFAA concentrations were in the low-nM or sub-nM range whether determined as K, + S o r by HPLC (Tables 1 & 2) . Many of the values are lower than previously reported for the Sargasso Sea (Liebezeit et al. 1980 ) and the Baltic (Mopper & Lindroth 1982) but similar to those for the California Bight (Carlucci et al. 1984) . Moreover, the total of individual amino acid concentrations for each of the July 1988 sampling dates (3.4 to 19.2 nM; Table 2 ) were comparable to other estimates for surface waters from the Sargasso Sea (Lee & Bada 1977) and Gulf of Mexico (Ferguson & Sunda 1984) , although considerably less than reported for total OPA-reactive substances from the Sargasso (Liebezeit et al. 1980 ).
Respiration and turnover
Generally 60 to 80 % of the label in uptake expenments using glutamate, glutamine, alanine, glycine, senne and glucose was respired (Table 3 , Fig. 4) . Reports for more coastal waters indicate that the percentage respired is typically 20 to 60 O/O for both 3H- (Carlucci et al. 1984 (Carlucci et al. , 1986 ) and 14C-labelled amino acids (Crawford et al. 1974 , Williams et al. 1976 , Dawson & Gocke 1978 , Kellar et al. 1982 , Palumbo et al. 1983 , Coffin 1989 , with values closer to 20 being more common for I4C-labelled DFAAs. By using short incubations there is the possibility that isotopic equilibrium of cellular pools was not reached (Billen et al. 1980 , King & Berman 1984 . The observation that uptake proceeded linearly for 60 min and the high proportion of label that was respired argues against this (Fig. 2) .
Less than 10 % of the label in leucine-uptake experiments was respired, similar to the results of others for both 3H-(Bumison & Morita 1974) and 14C-labelled (Crawford et al. 1974 , Williams et al. 1976 , Kellar et al. 1982 ) leucine and isoleucine. Presumably because leucine is primarily directed into protein synthesis (Kirchman et al. 1985) it is inaccessible to respiratory pathways. Ornithine was also respired very little, in contrast to the results of others (Burnison & Morita 1974 , Jsrgensen et al. 1983 . Decarboxylation of ornithine to form putrescine is the major mechanism for the biosynthesis of the polyamines, spermidine and spermine (Moat & Foster 1988) , which are closely associated with DNA (Tabor & Tabor 1984) . If most of the omithine uptake was directed into synthesis of polyamines this may be why there was little respiration of ornithine.
Despite the fact that uptake rates for individual amino acids were frequently saturated at concentrations of a few nM, over the limited range of concentrations employed the proportion of the amino acid uptake that was respired was independent of concentration (Fig. 4) . This has also been found for 14C-labelled glucose (Azam & Hodson 1981 ) and a variety of DFAAs (Crawford et al. 1974 , Kirchman & Hodson 1984 , 1986 , Carlucci et al. 1986 ) when added at a range of relatively low concentrations. The reason for this needs to be addressed by future studies. Potential explanations include that an induction period is required before metabolism can respond to increased substrate, that increases in DFAA concentration were so little relative to bacterial requirements for organic carbon that bacterial metabolism was unaffected, or that bacteria growth rates were limited by a nutrient other than carbon or nitrogen. Our results differ from those of others, however, in that the proportion of label respired was greater. Perhaps Sargasso Sea bacteria inherently have a lower growth efficiency or were growing at such low rates relative to their potential maximum that most substrate was required to fulfil1 respiratory demands.
An intriguing possibility is that the proportion of label respired was indicative of the C N ratio of the combined substrates that the bacteria were using for growth. In our experiments (with the exceptions of leucine and ornithine, see above) the proportion of label respired was similar even though the C : N ratios of the added substrates ranged widely. This is also true for most other studies where the proportion of uptake respired has been determined for trace additions of glucose and DFAAs. The trace additions employed in our experiments likely did not significantly alter the overall C : N ratio of the pool of dissolved organic matter used by bacteria. Studies indicate that the carbon-based growth efficiency of marine bacteria depends on the C : N ratio of the combined substrates, with a much greater proportion of carbon being respired when bacteria are growing on high C : N substrates (Goldman et al. 1987 , Hopkinson et al. 1989 ). In fact, 60 '10 of the carbon taken up was respired only when the overall C : N ratio of the substrates was in excess of 10: 1 (by atoms). If such laboratory results can be extrapolated to Sargasso Sea assemblages, then the high proportion of label respired (Table 3 , Fig. 4 ) suggests that the bacteria were growing on substrates with a high combined C : N ratio (> 10 : 1). This assumes that 3~ (covalently bonded to C) was adequately tracing carbon. If bacteria in the Sargasso Sea were growing on C : N substrates > 10: 1 then they may not have been significant regenerators of inorganic nitrogen. Thls is consistent with observations from several marine systems showing that bacteria take up ammonium (Wheeler & Kirchman 1986 , Fuhrman et al. 1988 , Suttle et al. 1990 , and provides further evidence that much of the regeneration of inorganic nitrogen results from consumption of phytoplankton and bacteria by predators (e.g. Sherr et al. 1983 , Goldman et al. 1985 . Until a better understanding is realized, arguments of what dictates the proportion of substrate lost to respiration will largely be conjecture. We estimate that turnover times of individual DFAAs were on the order of hours (Table 3) . These results imply tight coupling between release and uptake of DFAAs, as has been reported for other waters (Fuhrman 1987) . The times are in the range reported for oligotrophic waters in the Gulf of Mexico (Ferguson & Sunda 1984) , but more rapid than most other determinations for the euphotic zone of the oligotrophic ocean (see summaries in Billen 1984 , Ferguson & Sunda 1984 . Turnover times were not significantly different between years (ANOVA; p > 0.05) and averages for individual DFAAs tended to be similar even though most of the 1987 samples were taken in November and the 1988 samples were collected in July. It is interesting that there were significant differences in the turnover times of individual amino acids with alanine having the shortest average turnover, and glutamine and ornithine the longest in both 1987 and 1988. The reason why alanine would have a shorter turnover time than glutamine is unknown. Both DFAAs have lower C : N ratios (3 : 1 and 5 : 2, respectively) than required for balanced growth by bacteria and estimates of concentration indicate that dissolved pools of glutamine were less than alanine.
Ecological implications
Estimated bacteria doubling times were relatively long (2.5 to 10 d), yet the small pools of dissolved free amino acids cycled rapidly (Tables 1, 2 & 3) . Our calculations suggest that individual DFAAs supplied as much as 20 % of the daily C and N requirements of bacteria (Table 4 ). The November data suggest that glutamate, glutamine, alanine and glycine together supplied 40 to 50 % of the total bacterial requirements for C and N. This assumes that 3H was serving as an adequate tracer of C and N metabolism. Tritium probably traces C adequately because it is covalently bonded to C; however, it is less likely to be an accurate tracer of N metabolism. As N is not respired it is likely that the proportion of N incorporated would have been greater than that of C, in which case DFAAs would supply a greater proportion of bacterial nitrogen requirements. For this reason and because the factor required to convert t h y m i l n e incorporation rate into growth rate is not well established for oceanic bacteria (Ducklow & Hill 1985) the error associated with these estimates may be considerable. Nonetheless, the results suggest that amino acids fulfil1 a significant portion of the bacterial demand for N and C, consistent with results from coastal waters (Billen & Fontigny 1987 , Fuhrman 1987 ) and eutrophic lakes (Jsrgensen et al. 1983 , Jsrgensen 1987 . Further, if the high proportion of 3H respired is indicative of growth on combined substrates with an overall C : N ratio > 10 : 1, this suggests that bacteria in the oligotrophic ocean may be inefficient remineralizers or even consumers of inorganic nitrogen.
It is clear that a large portion of carbon fixed by phytoplankton ultimately fuels bacterial production in the euphotic zone (Cole et al. 1988) . Although the pathways that mediate the transfer of carbon and nitrogen between the primary producers and bacteria in the open ocean are complex, it is apparent that the fluxes of C and N through the dissolved free amino acid pools are a significant and integral component of this process.
